We investigated whether environmental temperature has any causal role in the winter fattening in certain finches of the subfamily Carduelinae. Correlational analyses between fat content of American goldfinches (Carduelis tristis) and various short-and long-term measures of temperature provide no evidence for a proximate role of this environmental variable in determining the degree of fattening of these birds in southeastern Michigan. Their fat content shows the best correlations (r = -.61 to -.63) with the long-term average minimum temperature or record low temperature for the date of capture. Furthermore, inclusion of long-term thermal measures in multivariate analyses excludes from significance temperature conditions surrounding the day of capture. Comparison of American goldfinches wintering in Michigan, California, and Texas, respectively, strengthens the conclusion that environmental temperature does not directly influence their fat content. Taken together, our data on this species favor the hypothesis that temperature is an ultimate, i.e., evolutionarily significant, rather than a proximate factor in winter fattening. Comparisons of American goldfinches, pine siskins (Carduelis pinus), and common redpolls (Carduelisflammea) in Michigan indicate that these similar-sized congeners show different levels of winter fattening under similar winter conditions. The differences in fat content among these species do not correlate in any simple way with their respective overall winter distributions.
INTRODUCTION
Many small northern birds increase depot fat during the winter (King 1972 ; Dawson, Marsh, and Yacoe 1983b). The adaptive significance of this reserve clearly relates to the increased demands for thermogenesis in the cold and the uncertain supply of food during times of inclement winter weather (see King 1972) . However, unlike our knowledge of premigratory fattening (King and Farner 1965; Berthold 1975) , that concerning the factors that regulate winter fattening is scanty. The nega- ' We are grateful to the Department of Biology, University of California, Riverside, for space and certain facilities used in work with American goldfinches from the Riverside area. We also wish to thank Dr. In this study we attempt, through analysis of data on body composition and pertinent thermal variables for wild populations of American goldfinches (Carduelis tristis), to evaluate hypotheses relating to regulation of winter fattening. We sampled birds of this species near Ann Arbor, Michigan, over three winters. Our timing was propitious, for our study coincided with a period of unusually large year-to-year vari-357 ation in winter weather (Karl, Livezy, and Epstein 1984) . We have supplemented data on Michigan birds with information on American goldfinches wintering in warmer areas and on two other cardueline finchesthe common redpoll (Carduelis flammea) and the pine siskin (Carduelis pinus)-that visit southeastern Michigan sporadically in winter.
MATERIAL AND METHODS
American goldfinches were collected at three localities: (1) 1978-1979 and 1980-1981, respectively . We restricted all our analyses to birds collected after 1100 hours to avoid complications of any diurnal cycle of body constituents. Regression analysis on American goldfinches in Michigan during the peak of the winter fattening (Dec.-Feb.) indicated no effect of the time of capture on body constituents of birds collected after 1100 hours.
Most birds captured alive were immediately killed humanely and then transferred in sealed plastic bags to the laboratory. However, common redpolls were first brought to the laboratory and then killed within 2 h of capture. Fresh body mass of the birds was determined to the nearest milligram. Contents of the crop and proventriculus were removed and weighed with similar precision. Carcasses were stored frozen in plastic bags until analysis of body composition was performed. Carcasses and crop contents were analyzed using Carey et al. 's (1978) procedures, except that the contour feathers were not removed and the lean dry carcasses were not analyzed for protein. The following body components were determined: crop contents = fresh mass of seed in the crop and proventriculus; dry body mass = mass remaining after the carcass (less crop contents) had been completely dried by lyophilization; lean dry body mass = mass remaining after redrying of the lyophilized carcass following extraction with petroleum ether; fat content = difference between dry and lean dry body masses (petroleum ether extracts neutral lipids, predominantly triacylglycerols, and we shall take the change in body mass produced by this extraction as representing fat content); water content = the difference between fresh body mass (less crop contents) and dry body mass.
Temperature variables for Ann Arbor, Michigan, during the study period were obtained from computer files maintained at the University of Michigan. fig. 1 ). This relation is also apparent in previous studies of this species, as well as in studies of other passerine birds (see Dawson et al. 1983b ). However, the overall inverse correlation between fat content and environmental temperature does not assist appreciably in discerning whether temperature is only an ultimate factor, which has fostered natural selection for increased fattening in winter, or a proximate one, which serves as a stimulus for this form of lipid deposition. We Minimum temperatures above or below long-term averages for the dates may persist for as much as a month in any particular year, and temperatures differing by 10-15 C from the corresponding average minima may occur routinely for 4-5 days over the months studied.
Were temperature acting as a proximate cue for winter fattening in the American goldfinch, large-scale thermal variation should foster corresponding variation in the fat content of these birds. We might thus expect fat content to be inversely correlated with temperature conditions on or immediately preceding the day of collection. To test this we have undertaken simple and partial correlation analyses involving the following thermal variables (table 2) The strongest correlation that we obtained (for fat content and MEANEXT-MIN; table 2) explains only 38% of the variance in fat content. This seems much lower than the correlations reported in previous studies of winter fattening in small passerines (King and Farner 1966; Evans 1969 ). However, the respective mean fat contents for the birds collected on particular dates (e.g., 10-20 individuals for each date in Evans 1969) were employed in these earlier correlation analyses, rather than our procedure of using individual values. If we examine the relation of the mean fat contents of goldfinches for 2-wk intervals ( fig.  l) (table 3; ANOVA with Scheff6's multiple comparisons, P < .0001), despite the similarity (1) in temperature conditions both on and immediately before the capture dates and (2) in latitudes for the localities where the two samples were obtained.
INTERSPECIFIC COMPARISONS OF BODY COMPOSITION IN CARDUELINE FINCHES
Comparison of the extent of winter fattening in the American goldfinch, pine siskin, and redpoll in southeastern Michigan is facilitated by the similarity in their lean dry body masses (table 1) . Surprisingly, the fat content of the most boreal of these birds, the common redpoll, does not differ significantly from comparable values for the American goldfinch (ANOVA, P = .59). Moreover, the mean value that we obtained for the redpoll, 1.6 g, is bracketed by those of 1.7 and 1.2 g calculated from lipid indices presented for redpolls obtained near Fairbanks, Alaska, during January and February, respectively (White and West 1977 ). This comparison is complicated by the fact that the Fairbanks samples include common redpolls, hoary redpolls (Carduelis hornemanni), and intergrades (White and West 1977) , but the fact that the JanuaryFebruary fat content of the Alaskan birds is not appreciably greater than those of common redpolls or American goldfinches in southeastern Michigan is striking. Perhaps this uniformity is somehow linked with the fact that some exchange of common redpolls occurs between Alaska and the Great Lakes area (Troy 1983 ). It may also indicate that the requirement of Alaskan redpolls for greater fat storage in advance of long, cold winter nights is alleviated by their capacity for seed storage in the buccal pouches and crop (White and West 1977) . Equally striking is the fact that the mean fat content of the pine siskins that we obtained in the vicinity of Ann Arbor during winter is significantly higher than the comparable values for common redpolls and American goldfinches captured at the same locality (table 1; ANOVA with Scheff6's multiple comparisons, P < .0001). Were our comparison confined to the pine siskin and American goldfinch, it would have been tempting to conclude that the greater fat content of the siskins was somehow associated with the fact that their distribution extends into more boreal regions than does that of the American goldfinches. However, the data on redpolls suggest a more complex situation. Information on the annual cycle of body composition and on the degree of variation of fat content among populations of pine siskins is needed before we can adequately interpret the information thus far obtained. before summarizing these, we should note the possibility that a portion of the apparent diversity may be a product of our attempting in some cases to infer trends in winter fattening by use of information on body mass.) In the case of house sparrows (Passer domesticus) in North America, a direct correlation exists between fat content of most winter individuals and latitude (Blem 1973 Our study was undertaken in hopes of gaining a general understanding of the role of environmental temperature in regulation of winter fattening in passerine birds. This is a complex task, for although the temperatures incorporated into meteorological records constitute a useful index of the severity of winter climates, other variables are involved. Moreover, interspecific differences in foraging and roosting habits may lead to variation at the same locality in the extent of the problems posed by convective and radiational heat loss. Nevertheless, there still is utility in attempting to define the role of temperature.
REGULATION OF WINTER FATTENING
Correlation of winter fattening with environmental temperature has fostered the suggestion that temperature acts as a proximate cue for this form of lipid deposition. On the basis of data on captive house sparrows, Kendeigh et al. (1969) suggested that winter fattening resulted from increased overnight loss of body mass in the cold, followed by increased food intake and fat synthesis the next day. Such a response might be explained by an increase in the activity of fat-synthesizing enzymes, like that observed after the termination of fasting in chicks of the domestic fowl (Goodridge 1968 A far different conclusion concerning the relation of winter fattening to short-term or year-to-year fluctuations in temperature emerges if the analysis is confined to determinations of body composition rather than of body mass. Analysis of fat reserves of yellow buntings (Emberiza citrinella) and American goldfinches suggests that the extent of these reserves at the end of winter days is insensitive to short-term and, in the case of the goldfinches, year-to-year variations in environmental temperature (Evans 1969 ; table 2 of this study). This is not to deny that a significant negative correlation between fat content and environmental temperature exists over the cooler months of the year. However, this correlation becomes substantially stronger when longterm statistics on temperature rather than actual temperatures on or near the capture date are used (Evans 1969 ; table 2 of this study). Perhaps EXTMIN has been an important selective factor affecting the regulation of evening fat reserves during winter, for natural selection should favor survival of birds carrying sufficient fat reserves to sustain adequate thermogenesis through the most severe night possible on a given date. In this view temperature would have to be classed as an ultimate rather than a proximate factor in winter fattening, the direct cue being some other variable such as photoperiod (with an appropriate lag in response by the bird). However, the possibility exists that temperature acts as a proximate cue for this form of energy storage but that the response is slow enough so that adjustments to short-term temperature fluctuations are damped, producing refractoriness to daily temperature fluctuations. In the case of the American goldfinch, at least, we are inclined to discount this explanation on the basis of the similarity of midwinter fat contents of eastern American goldfinches from Texas and Michigan (table 3) . This expression of the fattening response in the goldfinches wintering in a relatively mild climate merits some further comment. Banding returns from the U.S. Fish and Wildlife Service suggest that birds that winter in the southern United States do not represent a discrete subpopulation of eastern American goldfinches. Such birds are not infrequently found in northern areas in other winters (W. A. Buttemer and W. R. Dawson, unpublished observations). Conversely, banding returns also indicate that some of the American goldfinches captured at the latitude of southern lower Michigan (~42O N) in winter have been found in preceding or subsequent winters at latitudes of 33o-47o N. With this variability in both direction and extent of movements, it is conceivable that natural selection acts to maintain winter fattening in individuals that must contend with cold climates in at least some years, any disadvantage associated with carrying this fat in more southerly wintering locales being relatively slight. An alternative interpretation of the expression of winter fattening in the Texas birds arises from the hypothesis that selection acts most intensively under extreme conditions. The same northern air masses that contribute to the variability of weather conditions in Michigan also sporadically penetrate into the southern United States. The impact on places such as Nacogdoches, where our Texas birds were obtained, is illustrated by comparing the long-term minimum temperatures (MEANMIN) and EXTMIN for that locality and for Riverside, where our California birds were captured (data from U.S. Weather Service summaries of data collected before 1960). Riverside, California, the site where we found no winter fattening, has January MEANMIN and EXTMIN of 3.2 and -6.0 C, respectively. The January MEANMIN for Nacogdoches, Texas, is also 3.2 C. However, the EXTMIN for this month is -20 C (U.S. Weather Bureau 1965)! Natural selection for winter fattening in eastern American goldfinches thus would be advantageous even to those individuals wintering in the south.
The question remains of how to reconcile the conflicting interpretations of the thermal dependence of winter fattening that arise from analyses of data on body mass and body composition. One possible explanation involves birds' adjustments in the rate of food intake and processing under different thermal regimes. To maintain a constant level of fattening in the face of varying energy demands, birds must modulate food intake appropriately. If feeding rate increases with cold stress, diurnal body mass will increase owing to an increased amount of food in the digestive tract. Chronically elevated food intake may also increase the size of the liver (Balnave 1972a ). Finally, some birds, including cardueline finches, may buffer nighttime use of fat reserves by adjusting the extent to which they fill their crops before going to roost. Our data on crop contents of American goldfinches obtained in Michigan and Texas in midwinter (table 3) are consistent with such a suggestion.
